On 24 March 1991, global ultra-low-frequency (ULF) pulsations (1.1 -3.3 mHz) observed in the magnetosphere as well as on the ground were studied via analyzing magnetic field data obtained from a global network, comprising ground-based observatories and geosynchronous satellites. In the magnetosphere, the compressional and transverse components of the magnetic fields recorded at two satellites, GOES 6 and GOES 7, showed dominant fluctuations when they were in the vicinity of the noon sector, whereas the transverse fluctuations became dominant when they were at the dawn side. Similarly, on the ground, the H and D components had major fluctuations along with an increase in amplitude from low to high geomagnetic latitudes. In addition, the amplitude of the ULF pulsation was enhanced at the dawn and dusk sides. The geomagnetic pulsations propagated anti-sunward and were of counterclockwise and clockwise elliptical polarizations at the dawn and dusk sides respectively. The counterclockwise elliptical polarization reversed to a clockwise elliptical polarization at geomagnetic local noon and linear polarization was observed during the reversal. It appears that the analysis of the global network data not only provided us with a study of the characteristics of the waves in the magnetosphere and on the ground but also provided us with correlations between the geosynchronous and ground observations, which should be essential to the determination of possible mechanisms of this storm-related wave event.
IntroductIon
Scientists often regard ultra-low-frequency (ULF) geomagnetic pulsations as variations of the geomagnetic field caused by the propagation of magnetohydrodynamic (MHD) waves in the magnetosphere. These long-period pulsations are typically observed near auroral regions during the recovery phases of magnetic storms and substorms (e.g., Walker et al. 1992; Dunlop et al. 1994; McHarg et al. 1995) . It has been well established that MHD waves result in compressional (poloidal) and transverse (toroidal) pulsations when they travel along and across field lines respectively (Westphal and Jacobs 1962; Alfven and Falthammar 1963) . Regarding the sources of the MHD waves, it is known the sources of MHD waves mainly fall into two categories, viz. outside or inside the magnetosphere. For interpreting observations of the storm-related pulsations presented later in this paper, the characteristics of the waves excited outside the magnetosphere are briefly described. A general discussion of the two sources is provided in (McPherron 2002) and the references therein. Generally speaking, the sources inside the magnetosphere, e.g., the plasma kinetic or MHD type instabilities (e.g., Cheng and Lin 1987; Cheng and Qian 1994) , and the sources outside the magnetosphere, e.g., the solar wind (Barnes 1983; Samson et al. 1991; Kepko et al. 2002) , the bowshock (Russell 1985; Spreiter and Stahara 1985) , and the magnetopause (Southwood and Kivelson 1989; Kivelson and Southwood 1991) , can excite ULF waves. The ULF waves excited outside the magnetosphere can penetrate the magnetosphere through the magnetopause. These penetrated ULF waves are transformed and amplified in the magnetosphere. Below, the two processes related to the transformation of the wave energy are described briefly.
The first process is termed "field line resonance (FLR)" (Chen and Hasegawa 1974; Southwood 1974; Walker and Greenwald 1980; Takahashi and McPherron 1982; Southwood and Hughes 1983; Cheng et al. 1993; Cheng and Zaharia 2003) . In the FLR model, when the ULF waves propagate in the magnetosphere, the Earth's dipole field lines behave like vibrating strings and have two major modes of oscillation, viz. toroidal and poloidal modes. The fundamental oscillation frequency of a field line in essence is associated with the speed of the Alfven wave along the field line. In addition, the harmonic related to both modes that has an odd (even) number of half wavelengths between two ends of a field line, viz. conjugate points, is termed "odd (even) mode". It is known that the radial and azimuthal perturbations of the odd (even) mode at the conjugate points are respectively in phase (out of phase) and out of phase (in phase). In addition to the ULF waves transmitted through the magnetopause, spatially evanescent waves generated at the magnetopause, e.g., the surface waves excited by KelvinHelmholtz (K-H) instability (Southwood 1968; Pu and Kivelson 1983; Miura 1987) when the magnetosheath plasma flow velocity exceeds a threshold velocity, are considered to be of another source for the excitation of FLRs. The second process is termed "cavity/waveguide resonance" (Radoski 1971; Kivelson et al. 1984; Allan et al. 1991; Samson et al. 1992; Ding et al. 1995; Rankin et al. 1995; Walker 1998; Waters et al. 2000; Keller and Lysak 2001) , which has been successfully adopted for the explanation of the ULF waves with f > ~1 mHz. Generally speaking, the doughnut-shaped cavity/waveguide is formed by the region bounded by the magnetopause, magnetosphere, and ionosphere. The cavity can be displaced by external forces, such as variations in the solar wind dynamic pressure, an azimuthally propagating wave along the magnetopause, and sudden impulses caused by interplanetary shocks, discontinuity, and reconnection. The disturbed cavity/waveguide supports the MHD waves of discrete frequencies. The excited waves stand along the field lines as well as in the radial direction, but travel along the azimuthal direction since the cavity is open in the azimuthal direction. On the other hand, the phase of each wave has a sign change across a node in the radial direction due to its standing-wave nature. It is also known that each wave can couple to a FLR of the same frequency somewhere in an evanescent tail (Waters et al. 2000) and leads to an enhancement of the azimuthal perturbation at the coupling point in the cavity. This paper studies the global ULF geomagnetic pulsations related to the severe geomagnetic storm that occurred with storm sudden commencement (SSC) at 0341 UT on 24 March 1991. The index is shown in Fig. 1 , and the bulk flow velocity of the solar wind inferred for this event at SSC reached 1400 km s -1 (Shea et al. 1993) . During the main phase of storm time period, 0600 -2200 UT, very prominent and global ULF pulsations of frequencies ranging from 0.83 mHz (20 mins) to 3.3 mHz (5 mins) were observed both in the magnetosphere and on the ground. Most of these ULF waves are categorized as the Pc 5 waves (1.7 < f < 6.7 mHz). The ground-based and satellite observations of the Pc 5 waves have been reported for a few decades (e.g., Brown et al. 1968; Barfield and McPherron 1972; Takahashi et al. 1986 Takahashi et al. , 1987 Takahashi et al. , 1990 Cahill and Winckler 1992; Kepko et al. 2002; Kepko and Spence 2003) . Generally speaking, according to their dominant variations, these waves are categorized as compressional and transverse Pc 5 waves. Both waves show distinctly different wave characteristics, such as frequency, polarization, and phase propagation, while they are observed on either side of noon (e.g., Kokubun 1980; Yomoto et al. 1983; Kokubun et al. 1989; Anderson et al. 1990; Chisham and Orr 1997) . For instance, a statistical study by Chisham and Orr (1997) demonstrated that the transverse waves predominately observed in the morning sector of the magnetosphere were well correlated with the ground-based observations, whereas the compressional waves observed in the afternoon sector of the magnetosphere were poorly correlated with the ground-based observations. Also, a series of studies particular on the compressional Pc 5 waves using data of the AMPTE/CCE spacecraft has been reported by Takahashi et al. (e.g., Takahashi et al. 1986 , 1987 . Specifically, Takahashi et al. (1990) presented observations of the second-harmonic Pc 5 waves, viz. the wave of the compressional variation oscillating at the second harmonic frequency of the transverse oscillation, both in the dawn and dusk sectors. Furthermore, several recent papers have reported observations of the ULF waves of discrete spectral peaks with 0.25 < f < 1 mHz (Nikutowski et al. 1996) and with 1.3 < f < 3.4 mHz Walker et al. 1992; Fenrich et al. 1995) . With the demonstration of the correlations between the solar wind Fig. 1 . Plot of the Dst Index.
spectrum and the ULF wave spectrum, Kepko et al. (2002) and Kepko and Spence (2003) commented that the waves of this sort, particularly for the waves with f < 1 mHz, are sometimes directly driven by density oscillations present in the solar wind rather than the cavity/waveguide resonance. To date, several studies on the event of 24 March 1991 have been reported in the literature (Cahill and Winckler 1992; Yumoto et al. 1992; Fujitani et al. 1993; Liu et al. 1993; Reddy et al. 1994; Trivedi et al. 1997; Schott et al. 1998) . Most of these studies focused on a local investigation of the characteristics and driving causes of the pulsations through an analysis of the data obtained solely from ground stations or from satellites. This paper aims to study these storm-associated ULF pulsations via an analysis of the magnetic field data obtained from a global network, which consists of both ground-based observatories and geosynchronous satellites. Furthermore, the correlations between the ground and geosynchronous observations are presented. This paper is organized as follows. The characteristics of the pulsations in the magnetosphere and on the ground along with their correlations are described respectively in section 2. Section 3 presents the data interpretations according to the correlations between the geosynchronous and ground observations.
obServAtIonS
To investigate characteristics of the ULF pulsations, the magnetic field data recorded during 1000 -2200 UT at a global network, which is comprised of 37 ground observatories and 2 geosynchronous satellites, GOES 6 and 7, in the magnetosphere, are analyzed. The wave characteristics in the magnetosphere as well as on the ground during the two primary time spans, 1000 -1400 and 1800 -2200 UT, are described herein. The ground observatories include the INTERMAGNET observatories and 210MM observatories, and the coordinates of the 37 ground-based observatories are listed in Table 1 . This network provided us with a look at the pulsations on the ground as well as in the magnetosphere. More importantly, the correlations between the ground and geosynchronous observations can be developed via this network.
Here, to further analyze the spatial and temporal characteristics of the ULF geomagnetic pulsations, twenty-nine ground observatories that observed prominent ULF pulsations of 1.67 < f < 2.78 mHz are chosen and divided into three regions, viz. Region A (50 -65°N, 80 -120°E), B (35 -80°N, 275 -360°E), and C (40°N -50°S, 210°E), according to their geographical locations (Fig. 2a) . The relative location of each region to the Sun at various universal time intervals is depicted in Fig. 2b . In Fig. 2b , the view is downward on the equatorial plane from the north pole of the Earth. The solid curve of a wider width represents the longitudinal coverage of each region, and the thinner one represents the trajectory of each region while it was moving from the start of each time span to the end of each time span. The spatial and temporal characteristics of the geomagnetic pulsations are monitored by these three regions. Similarly, the pulsations in the magnetosphere are investigated using GOES 6 and 7. The relative location of GOES 6 and 7 satellites to the Sun at the same time intervals is depicted in Fig. 3a . In addition, local time of the ground observatories relative to the satellites is shown in Fig. 3b . In what follows, the characteristics of the ULF waves in the magnetosphere and on the ground are described in sections 2.1 and 2.2, respectively. Section 2.3 presents the correlations between the geosynchronous and ground observations.
Geosynchronous observations
The magnetic field data obtained from GOES 6 and 7 are originally represented in the Hp, Hn and He components, where the Hp component is parallel to the satellite's spin axis, the Hn component is the positive northward component, and the He component is the positive eastward component. In this paper, the (Hp, Hn, He) system is rotated into the local dipole field aligned system employed by Takahashi et al. (1990) . The local dipole field aligned system represents the data in the B, V, and D components, where the B component is parallel to the Earth's magnetic dipole axis, the V component points radially outward in a plane parallel to the magnetic equatorial plane, and the D component points toward the east. With this representation, it is easier to determine the compressional/transverse waves according to their dominant variations.
All the data are filtered through a 1.67 -2.78 mHz (6 -10 min) passband since this band contains the major components in the spectrum. In Fig. 4 , the variations of the B, D, and V components of the magnetic field recorded at GOES 6 as well as GOES 7 during 1000 -1400 UT are plotted respectively. Both satellites were moving from post-midnight to dawn in the magnetosphere. It shows all the components had very regular and wave-packet like fluctuations, and the transverse D and V components were the dominant fluctuations at both GOES 6 and 7. This observation agrees with the aforementioned Pc 5 characteristics reported by Chisham and Orr (1997) . Likewise, the variations of the B, D, and V components of the magnetic field recorded at GOES 6 and GOES 7 during 1800 -2200 UT are plotted in Fig. 5 , respectively. Both satellites were moving around the noon sector. During this time span, the regular and wave-packet like fluctuations were also observed at both satellites. The compressional B component variation along with the transverse D component variation had the dominant fluctuations. Specifically, the compressional component variation detected at GOES 6 during 1930 -2020 UT as well as 2100 -2130 UT and at GOES 7 during 2030 -2100 UT was significantly enhanced. As for the D component variation, the one detected at GOES 6 had very strong variation during 1930 -2020 UT while the one detected at GOES 7 showed consistently dominant variation during the whole time span.
Ground observation
As mentioned earlier, the magnetic field data on the ground were obtained from INTERMAGNET stations and 210MM stations. All the data have a resolution of one minute. Most of the ground-based data are represented in HDZ coordinates, where the H component is the horizontal component, the D component denotes the declination, and the Z component is the vertical component pointing to the Earth's center. Only a few ground-based data, such as the data from 210MM stations, are in XYZ coordinates where the X component is the geographical north component, the Y component is the geographical east component, and the Z component is the vertical component pointing to the Earth's center. Here, the XYZ coordinates are rotated into HDZ coordinates for consistent data presentation.
First, the spatial variation of the pulsation intensity is presented. During 1000 -2200 UT, the maximum amplitude of the pulsations observed at each observatory is plotted against its geomagnetic latitude (Fig. 6 ). As shown in Fig. 6 , the perturbation in all the components increased with the geomagnetic latitude except that there is an intensity drop at the station CBB (76.7°N) that is situated under the magnetospheric cleft region. For instance, the amplitude of the H component variation detected at GUA (4.27°N), CLF (50°N), and GDH (79°N) was 4nT, 40nT, and 100nT, respectively. Note the latitude specified in the parentheses and in the rest of the context is in geomagnetic coordinates. On the other hand, the strongest intensity was observed in both Regions A and C during the period of 0720 -0900 UT. As depicted in Fig. 2b , Regions A and C were located around the dawn and dusk sides during this period of time, respectively.
Next, the frequency characteristic and the time signature of the ULF waves during the two time spans, i.e., 1000 -1400 and 1800 -2200 UT, are described, respectively. During 1000 -1400 UT, global and prominent geomagnetic pulsations were observed. For instance, Figs. 7a, b, and c show the spectrums of the H, D, and Z components at 9 ground stations (3 stations in each region) during 1000 -1400 UT, respectively. More specifically, the first, second, and third rows of each figure show the spectrums of the three stations in Regions A, B, and C, respectively. It appears that the pulsations showed discrete spectrums in all components. Below, the frequency characteristics of the waves are presented. Regarding the spectrum distribution, as shown in the Figs. 7a, b, and c, the waves of 1.1 < f < 2 mHz were observed at all observatories, and the peaks of f < 1 mHz were observed at the stations in Regions A and C, which were located on the day side and on the dusk side respectively. To study the temporal variation of the pulsations, all the data are filtered through the same bandpass filter used for the geosynchronous analysis. The filtered time signatures of the H, D, and Z components at 9 ground stations are demonstrated in Figs. 8a, b, and A and B showed dominant variations in the H and Z components, particularly during 1800 -1840 and 2030 -2200 UT. As for the stations in Region C, the H component was the dominant variation during 1800 -1850 UT while both the H and D components became the dominant variation during 2020 -2200 UT.
Following the polarization of the pulsations is described. To study the wave polarization, the H and D components of the magnetic field data recorded at each region are used for the hodogram analysis. As shown in Fig. 11 , the polarization of the waves observed at 8 stations in Region B is demonstrated. The counterclockwise elliptical polarization was observed during 1000 -1100 UT, and the sense of rotation was reversed to clockwise during 1100 -1200 UT.
Besides, the quasi-linear polarization was observed prior to the reversal. The reversal time is 1130 UT at BFE and CLF and 1140 UT at ESK, HAD, LER, LOV, and NUR. As depicted in Fig. 2b , these observatories were located near the noon stagnation point during the reversal. In Region B, the elliptical polarization was also observed during 1000 -1300 UT. The sense of rotation was mainly counterclockwise during 1100 -1200 UT, whereas the sense of rotation switched alternatively from counterclockwise to clockwise during 10000 -1100 and 1200 -1300 UT. The elliptical and linear polarization observed in Regions A and B are likely to be the results of the propagation of the poloidal and toroidal waves in the magnetosphere respectively. As for Region C, the observatories at the northern hemisphere observed a clockwise elliptical polarization, whereas a counterclockwise elliptical polarization was detected at the observatories at the southern hemisphere. To further understand the oscillation mode of the field lines, the data obtained from two conjugate observatories, MSR (37.8°N) and BSV (-37.1°S), were used to study magnetic conjugacy. To specifically investigate the Pc 5 waves with a period of 9 -10 min, the data are filtered with a bandpass filter of a 9 -10 min passband. The filtered H and D component variations at MSR and BSV during 1000 -1400 UT are plotted in Fig. 12 . Crosscorrelation analysis was employed to the filtered signals to find their phase relationship. The estimated phase differences of the H and D components at the conjugate points were 30° and 160°, respectively. Furthermore, as shown in Fig. 13 , the polarization of the variations was symmetric to the geomagnetic equatorial plane during 1200 -1300 UT. The analysis showed that the oscillation of the field line associated with the two conjugate points was in odd mode. The north-south symmetry of the H-component and antisymmetry of the D-component for compressional Pc 5 waves was explained by the theory presented by Cheng and Lin (1987) and Cheng and Qian (1994) .
Finally, the propagation of geomagnetic pulsations is investigated. Under the assumption of plane wave propagation, the azimuthal and latitudinal wave number of the pulsations, denoted as m and l respectively, can be defined according to the phase relationship among three nearby stations (Tonegawa and Sato 1987) . Specifically, the phase of the plane wave varies linearly in latitude (λ m ) and in longitude (φ m ), i.e., ESK, HAD, and CLF in Region A are used for this analysis (Fig. 14) . The phase difference between any two stations is obtained using the cross-correlation analysis. As shown in Table 2 , the pulsations have a large l (~11) and a small m (~0.9) during 1000 -1100 UT. In other words, the pulsations propagated northward in the latitudinal direction and westward in the longitudinal direction. All the stations were at the dawn side during this time interval. In contrast, during 1100 -1300 UT, they were at the dusk side and the l and m are of the same order of magnitude. That is, the pulsations propagated eastward in the longitudinal direction and northward in the latitudinal direction.
correlations between Geosynchronous and Ground observations
The correlations between ground and satellite observations of the storm-related pulsation are described as follows. In the magnetosphere, the transverse component detected at both GOES 6 and 7 during 1000 -1400 UT was dominant while they were on the dawn side. Meanwhile, on the ground, the corresponding latitude-independent pulsations were observed. Specifically, Region B had dominant compressional variations while Regions A and C observed dominant transverse and compressional variations. During this time span, the compressional variation observed at the ground stations and the satellites has the same frequency components (Fig. 15) . In Fig. 15 , the same frequency components are pointed out by the arrows. As shown in Fig. 15 , station MEA in Region A had a well-correlated spectrum with GOES 6. In contrast, the stations, BFE and ESK in Region B, had a similar spectrum distribution to GOES 6 predominately at f > 2.5 mHz. During 1930 -2200 UT, both the compressional and transverse components in the magnetosphere were dominant. Similarly, the corresponding latitude-independent pulsations in transverse and com- ation caused by the surface waves. Second, the pulsations propagated toward the west at the dawn side and toward the east at the dusk side and counterclockwise and clockwise elliptical polarizations were observed at the dawn and dusk sides, respectively. Besides, the counterclockwise elliptical polarization reversed to a clockwise elliptical polarization at around geomagnetic local time and the linear polarization was observed at the reversal. These observations agree with the results predicted by a model proposed by Nagata et al. (1963) and Kokubun and Nagata (1965) for Pc 5. In their model, they describe the elliptical polarization as a result of the propagation of surface waves on the boundary of the magnetosphere.
As for the source of the ULF waves, latitude-independent frequency components often lead to explanation by the aforementioned cavity/waveguide modes; however, the strong spectral peaks with f < 1 mHz render this explanation inconsistent for this event. Hence, the preferred source is the density oscillations present in the solar wind (Kepko et al. 2002; Kepko and Spence 2003) . Unfortunately, there is no solar wind data available for further confirmation. In conclusion, the global ULF pulsations observed on 24 March 1991 were analyzed using the magnetic field data obtained from a global network. This global network provided us with not only an investigation of the characteristics of the waves in the magnetosphere and on the ground but also a development of the correlations between the geosynchronous and ground observations, which are essential to the determination of the possible mechanisms of this special event.
time (ut)
l m 1000 -1100 11.40 -0.87 1100 -1200 1.19 2.14 1200 -1300 0.88 1.02 Table 2 . List of the azimuthal and longitudinal wave numbers of the geomagnetic pulsations between 1000 -1300 UT. Fig. 15 . Spectral correlations between the ground stations and GOES 6 during 1000 -1400 UT. Fig. 16 . Spectral correlations between the ground stations and GOES 6 during 1800 -2200 UT.
pressional components were observed at the ground. Also, during this time span, the transverse variation observed at the ground stations (BFE, ESK, and LER in Region A) and the GOES 6 has the same frequency components pointed out by the arrows (Fig. 16 ), especially at 0.5 < f < 2 mHz.
dAtA InterPretAtIon And concLuSIon
According to the aforementioned correlations, it is reasonable to attribute these global ULF pulsations in the magnetosphere and on the ground to the same wave event. In the magnetosphere, according to the inferred high solar wind velocity together with the strong correlation between solar wind velocity and magnetosphere wave power in the band between 150 and 600 s (Wolfe et al. 1987; Junginger and Baumjohann 1988) , we suggest that the pulsations likely resulted from the propagation of the ULF surface waves. The interpretations are inferred from the following ground observations. First, on the ground, the similar pulsations of discrete spectrum distribution and latitude-independent frequency components were observed. The amplitude of ULF pulsations increased with an increase in geomagnetic latitude. This observation is consistent with the amplitude vari-
